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Abstract 
The screen printing metallization of p+ surfaces is one of the challenges for the industrialization of n-type 
solar cell concepts. We observed a significant reduction in the VOC of metallized cells as compared to the 
implied VOC of unmetallized cell precursors. We link this to the effect of metal contamination of the 
emitter. As this phenomenon was observed for all tested front side pastes we came up with a solution to 
effectively minimize the contaminated emitter area through a double printing step. Here we present our 
solar cell process and show the latest results achieved using this very method. 
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1. Introduction 
An industrial feasible production process for high efficiency silicon solar cells on large area n-type 
wafers is developed by using only common industry techniques such as quartz tube diffusion and screen-
printed metallization. The n-type approach holds significant benefits over advanced p-type approaches 
and might become an interesting alternative to the pre-dominant p-type solar cell process with alloyed 
aluminium BSF in the near future. Typical advantages of n-type material have already been 
comprehensively reviewed, such as the higher tolerance to common metal impurities [1-2] and the lack of 
a boron-oxygen complex related degradation. 
However, mass production of n-type screen printed solar cells is only starting now [3] because processing 
of n-type wafers comprised mainly three unresolved issues: cost effective emitter formation, passivation 
of p+ emitters and contacting of p+ emitters. In recent years substantial progress was made and presented  
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in the fields of boron diffusion and passivation of such layers [4]. The present work is focussed on 
improving the metallization. A cell concept is presented with homogenously diffused boron emitter, 
which is passivated by a stack of a boron-silicate layer and a PECVD deposited SiN:H layer. The cell is 
contacted by standard screen printing methods using an H-grid pattern on both, front and back side. In 
contrast to a cell with an alloyed BSF, this cell structure facilitates a bifacial usage with a high bifaciality 
factor. We report on our achievements improving passivation and metallization which resulted in an 
efficiency of 19.4% on 156x156 mm² cells on Cz-Si substrate. 
 
2.  Cell Concept 
The base material used in the cell processes were mono crystalline n-type Cz-Si wafers of dimension 
156x156mm² with a measured base resistivity of 4 Ωcm. The saw damage of the as-cut wafers was 
removed and the front side textured, followed by a cleaning procedure. In the cell process we applied a 
BBr3 quartz tube diffusion resulting in a homogenous 60 Ohm/sq emitter, a POCl3 quartz tube diffusion 
to form a highly doped BSF and plasma-enhanced chemical vapour deposition (PECVD) of hydrogenated 
silicon nitride on the front and rear side. An industry type screen printer and screens with optimized 
designs were used to deposit metal grids on both sides of the wafer. For this purpose we used 
commercially available pure and aluminium doped silver pastes. We emphasize the simplicity of our 
process due to the use of only industrially proven methods. This allows for a cost effective industrial 
adaptation of this concept. A schematic drawing of such a cell is shown Figure 1. 
 
 
 
Figure 1: Schematic cross section of n-type Si cell structure 
3. Passivation 
The front side is passivated by a stack of a boron-silicate layer in combination with a SiN:H layer. Our 
passivation method is as easy to apply as other common passivation layers such as PECVD deposited 
Al2O3 or thermally or chemically grown oxides [5,6]. The stack results in emitter saturation current 
values on 64Ohm/sq. emitters as low as 14fA/cm² per side on flat surfaces as determined by high 
injection level QSSPC measurements. Also implied VOC values of 660mV were measured after firing of 
unmetalized samples demonstrating an outstanding passivation quality. The phosphorous diffused back 
surface field of the cells is passivated by PECVD deposited silicon nitride SiN:H layer.  
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4. Metallization 
In principle, the contact formation on p+ surfaces follows similar mechanisms as known for n+ surfaces 
[7]. Today we see that an aluminum content of a few percent is needed in a silver paste to enable the 
contact formation to p+ layers. However, the aluminum content, necessary for contact formation, can 
deteriorate the cell performance by increased line resistance and by spiking the emitter. 
The contacts are formed by screen printing fine lines of pure silver or aluminium containing silver pastes 
on both sides in an H-grid pattern and a subsequent firing step in an IR furnace. The influence of a large 
variety of such paste combinations on the solar cell parameters has been studied.  For all pastes it is found 
that a large reduction of VOC occurs during firing of the cells. This effect is shown in Figure 2 for 
different front side pastes. For some aluminium doped Ag pastes this VOC loss depends notably on the 
peak firing temperature. The initial level of VOC before metallization is indicated as reference. In an 
attempt to explain the origin of the VOC reduction, a set of samples was contacted by sputtering and 
plating of Ti/Cu contacts after photolithographic opening of the dielectric layer. This sequence allowed to 
obtain higher VOC levels as compared to screen printing. 
 
 
Figure 3 shows IQE data of solar cells printed with two Al doped silver pastes on the front. The cells are 
fired at peak temperatures of 755°C and 815°C, respectively, in an inline IR furnace. The backsides of the 
samples were processed identically. The resulting IQE curves show an almost constant spectral response 
over a wide range of wavelengths. A strong increase in the blue response is found for higher firing 
temperatures, demonstrating the high quality of the developed passivation stack for high firing 
temperatures. However, at these firing conditions the VOC level drops substantially. It can also be 
concluded that the detrimental effect of the metallization must be well localized as the spectral response 
which is measured over the whole area is not adversely affected.  
As suggested by Hilali et. al. [8] for phosphorous emitters, the penetration of metal into the emitter and 
BSF regions might be the reason for the observed reduction. The effect of metal contamination in both 
emitter and BSF region was studied in a 2D simulation. For our given doping profile we expect a more 
pronounced influence on the front side due to the higher recombination effectiveness in p+ doped layers 
and danger of aluminium spiking from Ag/Al pastes. The assumptions underlying the simulation were a 
SRV underneath the metal finger at the level of the thermal velocity and significantly reduced SRV in the 
passivated areas. Subsequently, the depth of the Si-metal interface was shifted into the emitter region. The 
 
Figure 2:  VOC level of solar cells for different front metallization 
techniques in dependence of peak firing temperature for screen 
printed cells 
Figure 3: IQE data from cells screen printed with different 
Ag/Al front side pastes fired at 755°C and 815°C respectively  
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resulting open circuit voltages were calculated and are shown in Figure 4 as a function of relative 
penetration depth. 
 
Figure 4: Simulation of VOC reduction due to 
metal contaminations in the emitter region  
 
The resulting VOC values correspond well to the measured values for contaminations reaching as deep as 
the emitter itself. Also the simulation result indicates that the reduction occurs well before shunting of the 
cell which would obviously have a similar effect on VOC. 
As this problem is inevitable with any of the available pastes, we adapted our printing process to a two 
step printing sequence. By printing the busbars separately from the fingers using an alternative paste for 
the busbars containing less aggressive glass frits we effectively minimize the contaminated area of the 
emitter. The chosen paste shows good adhesion to silicon nitride and the underlying fritted paste and is 
solderable. This additional step in combination with the improved pastes and optimized firing conditions 
allows to limit the VOC reduction and to manufacture cells with VOC values of up to 643mV.  
 
5. Cell Results & Outlook 
A simple industrially feasible process was presented which allows the fabrication of n-type solar cells 
with boron front emitter and phosphorous back surface field. Using this process we were able to obtain an 
efficiency of 19.4% on large area (240.9 cm2) mono crystalline n-type Cz-Si substrates. Understanding 
the process of metallization will enable even higher VOC values and make use of the superior passivation 
quality. A preliminary solution to minimize the metal contaminations was found by adjusting pastes and 
firing profiles but still without reaching the limits of this cell concept. The latest cell results in Table I 
underline that the demonstrated cell concept has the potential to surpass the standard p-type based 
concepts not only in the lab environment but also using standard industrial processes.  
 
Table I: Solar cell results 
Substrate Resistivity 
[Ωcm] 
Surface 
texture 
Area 
[cm2] 
Jsc 
[mA/cm2] 
Voc 
[mV] 
FF 
[%] 
η 
[%] 
Cz, best cell 4 Rand. pyramids 241 38.8 643 77.6 19.36 
Cz, average 
over 21 cells 4 Rand. pyramids 241 38.3 642 77.6 19.1 
 
It was demonstrated that the combination of proven mass production technologies and the electrical 
superiority of n-type material holds great potential for efficiency improvements over current p-type 
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performance. As soon as the challenge of metallization of p-diffused surfaces is solved, there will be no 
reason for n-type silicon solar cells to remain a niche product.  
 
References 
 
[1] D. MacDonald, L. J. Geerligs, Appl. Phys. Lett. 85, 4061 (2004). 
[2] J. E. Cotter et. al., IEEE TED, 53, NO. 8, 1893 (2005). 
[3] A. R. Burgers et. al. Proc. of the 25th European Photovoltaic Solar Energy Conf., (2010) 
[4] V. D. Mihailetchi et. al., Proc. of the 25th European Photovoltaic Solar Energy Conf., (2010) 
[5] V. D. Mihailetchi, Y. Komatsu, L. J. Geerligs, Appl. Phys. Lett. 92, 063510 (2008) 
[6] A. Richter et. al.,  Proc of the 25th European Photovoltaic Solar Energy Conf., (2010) 
[7] G. Schubert, PhD thesis, Uni-Konstanz 2006 
[8] M.M. Hilali, A. Rohatgi, S. Asher, IEEE TED 51, 948 (2004) 
  
 
Acknowledgements 
This work is financially supported by German government (BMU) within the EnSol project, contract 
number 0325120A and B. 
 
